Introduction {#sec1}
============

Because of its high charge carrier mobility^[@ref1],[@ref2]^ and its ability to form well-ordered films,^[@ref3],[@ref4]^ pentacene (C~22~H~14~), a highly conjugated oligoacene consisting of five benzene rings, has become the material of choice for the active layer in organic thin film transistors. Although pentacene (5A) is already used in commercially available semiconductors, many aspects of its thin film growth are still unclear. Especially, it is remarkable that when deposited in thin films, pentacene crystallizes in various polymorphic phases and molecular orientations. As the crystalline phase and the molecular orientation of the pentacene thin films have a great impact on their electronic properties, understanding the parameters controlling the film structure is important for the development of reliable and reproducible film growth procedures.

To gain a systematical overview of the numerous pentacene (5A) polymorphs reported,^[@ref5]−[@ref12]^ preferentially, the interplanar spacing of the (001) planes *d*~(001)~ is used for distinction. The reported bulk phase structures basically can be classified in two different polymorphs: the "bulk" phase with *d*~(001)~ ∼ 1.45 nm^[@ref5],[@ref6]^ and the "single crystal" phase with *d*~(001)~ ∼ 1.41 nm.^[@ref6]−[@ref8]^ Additionally, thermally evaporated pentacene thin films often exhibit a so-called "thin film" phase with *d*~(001)~ ∼ 1.54 nm.^[@ref9]−[@ref11]^

Many reasons have been proposed as to why and under which circumstances a specific polymorphic phase and molecular orientation are formed. So far, the substrate material and temperature, the deposition rate, and the final thickness were reported to have a great influence on the crystallographic structure of the pentacene films.^[@ref13]−[@ref17]^ Especially for the growth of the first monolayer, pentacene molecules tend to grow in an upright orientation when deposited on flat, inert substrates like on SiO~2~ or on polymeric dielectrics.^[@ref4],[@ref13],[@ref14],[@ref18]−[@ref21]^ On reactive surfaces like on clean Si or clean metals, pentacene thin films exhibit an arrangement of flat-lying molecules.^[@ref14],[@ref22],[@ref23]^ It has been reported that on SiO~2~ the substrate temperature and the deposition rate are the parameters determining which polymorphic phase will appear. The "single crystal" phase is favored for high substrate temperatures and low deposition rates. The thin film phase, on the other hand, preferentially grows at low substrate temperatures and high deposition rates.([@ref13]) The final thickness of the film was also observed to have an influence on the polymorphic phase: The "thin film" phase dominates at average film thicknesses smaller 50 nm, and above 150 nm, the "single crystal" phase is prevalent.([@ref16]) In contrast here with experiments on an atomically clean and controlled Cu(110) substrate surface, we will show that leaving all of the growth parameters constant (substrate, substrate temperature, deposition rate, and film thickness), the different crystallographic structure and the orientation of the films are determined solely by the structure of the first monolayer.

A variety of lying 5A monolayer structures on Cu(110) can be found in the literature;^[@ref17],[@ref24]−[@ref28]^ however, beyond the monolayer, only multilayers with upright molecular orientations have, until now, been reported.^[@ref17],[@ref24]^ From surface energy considerations alone, this might be expected as the (001) net plane (corresponding to upright standing molecules) has a significantly lower energy.([@ref29]) However, our previous ultraviolet photoelectron spectroscopy (UPS) studies of 5A film growth on clean Cu(110) have shown that in fact two distinctly different multilayer films with different valence band photoemission signatures and distinct angle-resolved photoemission behavior suggesting films of either upright or lying molecular orientation could be formed.^[@ref30],[@ref31]^

In this work, we investigate the structure of pentacene thin films grown under identical conditions on subtly different monolayers on clean Cu(110) surfaces. The resulting multilayer films are shown to exhibit either the "thin film" phase with standing molecules or the "single crystal" phase with molecules lying with their long molecular axes parallel to the substrate. By studying the evolution of the film structure from the mono- to the multilayer regime, we illuminate the underlying mechanism determining the crystallographic phase and the molecular orientation of the prepared thin films.

Experimental Section {#sec2}
====================

The Cu(110) substrate surface was prepared by cleaning the copper crystal by repeated cycles of Ar^+^−ion bombardment and annealing to 800 K in a UHV system with a base pressure of 10^−10^ mbar. The pentacene (purchased from Fluka) was deposited in situ from a thoroughly degassed evaporator with a pressure \<10^−9^ mbar during the evaporation. The film growth in different stages was monitored in situ by low energy electron diffraction (LEED) and ARUPS measurements. LEED experiments were performed with an Omicron MCP-LEED. Here, a microchannel plate is used to amplify electrons being backscattered by the sample. Because of this amplification, only a low incident beam current in the nA range is needed. Thus, no beam damage or charging problems were encountered even for the relatively thick molecular films.

Generally, when pentacene films are grown directly on the Cu(110) substrate, valence band photoemission and LEED imply that multilayers of upright molecules are formed, while, if such multilayers are thermally desorbed and then a fresh multilayer is grown, it consists of lying molecules. To identify the reason for this different growth behavior, two routes using identical substrate temperatures and deposition rates but resulting in films of either standing or lying molecules were developed. The specific preparation for the upright film characterized here was evaporation of an initial monolayer (4 Å, as monitored by a quartz microbalance assuming a 5A density of 1.33 g cm^−3^) at room temperature followed by annealing to 180 °C. After cooling down to room temperature on this monolayer (henceforth denoted as monolayer 1), a multilayer was grown at a deposition rate of 5 Å/min to a final thickness of 300 Å. The lying film was prepared by desorbing an upright multilayer film (prepared as above) by annealing it to 180 °C. This leaves a monolayer (denoted as monolayer 2) on which again 300 Å of 5A, at a rate of 5 Å/min, was deposited at room temperature. Note that in both cases the monolayers have been annealed to the same temperature.

The in situ prepared and characterized films were removed from the UHV chamber for the X-ray diffraction (XRD) measurements including specular scans and pole figure measurements. Specular scans determine net planes of the thin film oriented parallel to the substrate by varying the magnitude of the scattering vector in *z*-direction (perpendicular to the substrate surface). The pole figures are measured by keeping the magnitude of the scattering vector constant while systematically changing its direction. Thereby, the distribution of net plane orientations is obtained, which yields the azimuthal orientation of the pentacene crystallites with respect to the Cu(110) substrate. Specular scans and pole figures were measured with a Philips X\'pert X-ray diffractometer using Cr Kα radiation and a secondary side graphite monochromator. The simulation of pole figures was performed with Stereopole,([@ref32]) and for the evaluation of the specular scans, Powder Cell([@ref33]) was used.

Atomic force microscopy (AFM) measurements of the multilayer films were performed with either a Dimension3100 or a Asylum Research MFP-3D microscope. To minimize lateral forces between tip and surface and consequently to avoid sample damage, tapping mode was used.

Results {#sec3}
=======

Upright Pentacene Films {#sec3.1}
-----------------------

XRD measurements of a pentacene thin film on Cu(110), where the multilayer was prepared on the monolayer 1, are shown in Figure [1](#fig1){ref-type="fig"}. The specular scan (Figure [1](#fig1){ref-type="fig"}a) reveals that the pentacene film crystallizes in a so-called "thin film" phase (5A~t~) with the crystallites oriented with the 5A~t~(001) net plane parallel to the Cu(110) substrate surface. The unit cell parameters as reported by Nabok et al.,([@ref9])*a* = 0.592 nm, *b* = 0.754 nm, *c* = 1.563 nm, α = 81.5°, β = 87.2°, and γ = 89.9°, imply that the long molecular axes of the molecules are tilted 3° from the surface normal. Pole figure measurements at *q* = 1.337 Å^−1^ (Figure [1](#fig1){ref-type="fig"}b), *q* = 1.664 Å^−1^ (Figure [1](#fig1){ref-type="fig"}c), and *q* = 1.989 Å^−1^ (Figure [1](#fig1){ref-type="fig"}d) corroborate this orientation and furthermore indicate epitaxially well-ordered domains. In the pole figure measured at *q* = 1.989 Å^−1^ (Figure [1](#fig1){ref-type="fig"}d), poles of four different net planes are detected as their *q* values lie close to each other: (121) *q* = 1.976 Å^−1^, (12̅0) *q* = 1.9861 Å^−1^, (1̅21) *q* = 1.987 Å^−1^, and (120) *q* = 1.996 Å^−1^. The pole figure seen in Figure [1](#fig1){ref-type="fig"}b (*q* = 1.337 Å^−1^) shows poles of two different net planes having similar *q* values: (11̅0) *q* = 1.351 Å^−1^ and (110) *q* = 1.359 Å^−1^. This measurement allows the conclusion that the 5A crystallites are arranged in two domains, which are rotated by 180° to each other, as the two enhanced pole densities (EPDs) belonging to the (11̅0) are higher than those of the (110) plane as theoretically expected. In the case of four equivalent domains, including the mirrored ones, the four EPDs would have a similar magnitude. The azimuthal orientation in the pole figures shows that the pentacene crystallites are aligned with the \[031\]\* crystallographic direction parallel to the \[001\] azimuth of the copper substrate. The epitaxial alignment deduced from the XRD measurement is illustrated in Figure [1](#fig1){ref-type="fig"}e,f. The top view (Figure [1](#fig1){ref-type="fig"}e) of the (001) net plane shows the characteristic herringbone arrangement. In the side view (Figure [1](#fig1){ref-type="fig"}f), it becomes apparent that the orientation of pentacene molecules is nearly perpendicular to the substrate surface. This molecular orientation is highly advantageous for the charge carrier transport abilities in common transistor geometries, where charge transport parallel to the substrate surface is important. A tilt angle of only ∼3° from the substrate surface normal ensures a significant overlap between adjacent π-orbitals.^[@ref9],[@ref18]^ Considering the strong tendency of pentacene to form different polymorphic phases when crystallizing in thin films,^[@ref13],[@ref16],[@ref34],[@ref35]^ it is notable that the chosen growth parameters clearly determine one distinct polymorphic phase as the most favorable. For instance, on SiO~2~, usually a thin film phase coexists with a single crystal phase, unavoidably leading to grain boundaries, which strongly lower the charge carrier mobility.([@ref36])

![XRD measurements of a pentacene thin film grown on Cu(110). Here, the multilayer was deposited on the monolayer 1. The specular scan reveals that pentacene crystallizes in the "thin film phase" with the (001) net plane parallel to the substrate surface (a). Pole figures measured at *q*~*z*~ = 1.337 Å^−1^ (b), *q*~*z*~ = 1.664 Å^−1^ (c), and *q*~*z*~ = 1.989 Å^−1^ point out that molecules are arranged in epitaxially ordered domains. The top view of this molecular orientation is shown in panel e, and the side view is shown in panel f.](cg-2010-01230j_0007){#fig1}

The LEED of the multilayer prepared on the monolayer 1 also shows an epitaxially oriented structure but with some rotational disorder. The dimensions of the deduced rectangular unit cell with *a* = 0.78 nm and *b* = 0.61 nm and the unit cell vectors being parallel to the copper azimuths are in perfect accordance with the two-dimensional unit cell of the 5A~t~(001) net plane found by XRD and thus corroborate standing molecules in the multilayer.

Lying Pentacene Films {#sec3.2}
---------------------

In Figure [2](#fig2){ref-type="fig"}, XRD measurements of the film prepared on the monolayer 2 formed by thermal desorption are summarized. Also here, the specular scan (Figure [2](#fig2){ref-type="fig"}a) exhibits only one Bragg peak and thus indicates a single polymorphic phase with one crystal orientation parallel to the substrate surface. The Bragg peak measured at \|*q*\| = 1.69 Å^−1^ can be assigned to the (022) net plane of a "single crystal" phase \[5A~s~(022)\] reported by Mattheus et al.([@ref12]) with the following unit cell parameters: *a* = 0.6266 nm, *b* = 0.7775 nm, *c* = 1.4530 nm, α = 76.475°, β = 87.682°, and γ = 84.684°. This orientation implies that the molecules are lying with their long axes parallel to the surface, while the molecular plane is tilted by ±26° to it. The pole figures measured at *q* = 0.89 Å^−1^ (Figure [2](#fig2){ref-type="fig"}b), *q* = 1.36 Å^−1^ (Figure [2](#fig2){ref-type="fig"}c), and *q* = 1.99 Å^−1^ (Figure [2](#fig2){ref-type="fig"}d) confirm the 5A~s~(022) net plane as the orientation parallel to the substrate. The EPDs in these pole figures reveal four domains of well-ordered crystallites: domains of crystallites that are rotated by 180° and their mirrored domains. Azimuthally, the crystallites align with the 5A\[12̅.10\]\* \[This notation indicates the crystallographic direction, which is parallel to the normal vector of the net plane (12̅.10).\] direction parallel to the Cu\[1̅10\] azimuth. For this orientation, the molecules adopt a lying arrangement (see Figure [2](#fig2){ref-type="fig"}e,f) where the long molecular axis encloses an angle of approximately 8 ± 2° with the Cu\[1̅10\] direction .

![XRD measurements of a pentacene thin film grown on Cu(110) surface. The multilayer film was deposited on the monolayer 2. The specular scan shows that pentacene crystallizes in a "single crystal phase" with the (022) net plane parallel to the Cu(110) substrate surface (a). Pole figures measured at (b) *q*~*z*~ = 0.89 Å^−1^, (c) *q*~*z*~ = 1.36 Å^−1^, and (d) *q*~*z*~ = 1.99 Å^−1^ reveal well-ordered, epitaxially aligned domains. The top view of this molecular orientation is shown in panel e, and the side view is shown in panel f.](cg-2010-01230j_0001){#fig2}

The LEED measurements of this multilayer film reveal an ordered epitaxially oriented structure. The structure of the multilayer is described by a unit cell with the dimensions *a* = 6.2 Å, *b* = 30.3 Å, and ϕ=79°. This is not the primitive unit cell one would expect from the 2D unit cell of the 5A~s~(022) net plane measured by XRD (*a* = 6.27 Å, and *b* = 14.79 Å), but it can be explained by a (1 × 2) reconstruction of the surface of the organic crystallites where, for instance, every second pentacene molecule is either missing or has a different orientation.

Monolayer Base for Upright Molecules {#sec3.3}
------------------------------------

For a better understanding of the mechanisms determining the crystallographic structure and the specific epitaxial orientation of the multilayer films, LEED measurements of the first monolayer provide great assistance. The LEED pattern of the monolayer 1 shown in Figure [3](#fig3){ref-type="fig"}a reveals a well-ordered structure. The corresponding oblique unit cell exhibits the parameters *a* = 1.69 nm, *b* = 0.73 nm, and ϕ= 112.29° and is described by the following epitaxial matrixwhich is related to the Cu(110) substrate surface with the unit cell vectors: *a* = (2.55, 0) and *b* = (0, 3.6). The epitaxial matrix *M*~1~ indicates a so-called point-online coincidence as both elements in the second column are integers. In this epitaxial alignment, every lattice point of the pentacene monolayer coincides with the \[1̅10\] line of the Cu(110) substrate. Point-online coincidence is often observed in the organic−inorganic heteroepitaxial growth,^[@ref35],[@ref37]−[@ref40]^ and for these systems, Mannsfeld et al.([@ref41]) have demonstrated that such an alignment represents a minimum in the total interface potential. Furthermore, the dimensions of the observed oblique unit cell corroborate an arrangement of flat lying molecules. From UPS measurements, it is known that pentacene adsorbs with its long molecular axis parallel to the Cu(110) substrate and along the Cu\[1̅10\] crystallographic direction in agreement with (sub)monolayer of the 5A on Cu(110) in the literature.^[@ref17],[@ref24]−[@ref28]^ In the real space image of the monolayer 1, this molecular orientation is used (Figure [3](#fig3){ref-type="fig"}b).

![(a) LEED image of the monolayer 1 exhibits one single structure. (b) It is described by an oblique unit cell with parameters: *a* = 1.69 nm, *b* = 0.73 nm, and ϕ= 112.9°.](cg-2010-01230j_0002){#fig3}

Monolayer Base for the Lying Molecules {#sec3.4}
--------------------------------------

The LEED image of the monolayer 2 formed by thermal desorption shows a well-ordered pattern, but only few reflexes are visible (Figure [4](#fig4){ref-type="fig"}a). A detailed analysis reveals that this pattern is composed of two different structures. In addition to the already discussed oblique monolayer structure *M*~1~, also a rectangular unit cell is found, which in the real space can be expressed by the following commensurable epitaxial matrix (see Figure [4](#fig4){ref-type="fig"}b):This matrix describes a commensurable, rectangular *p*(6 × 2) unit cell with the lattice parameters *a* = 1.53 nm and *b* = 0.72 nm. Exactly the same pentacene monolayer structure formed on Cu(110) surfaces was previously reported by Chen et al.([@ref25]) A similar *p*(6.5 × 2) unit cell was found by Söhnchen et al.([@ref17])

![(a) LEED pattern of the monolayer 2 formed by thermal desorption is composed of two different structures. (b) Additionally, to the oblique structure *M*~1~ as observed in the monolayer 1, also a rectangular *p*(6 × 2) unit cell is found (*M*~2~).](cg-2010-01230j_0003){#fig4}

In the LEED patterns of the multilayer, the oblique unit cell (*M*~1~) of the monolayer is still visible, indicating an islandlike growth of the multilayer. Of note is that the rectangular unit cell (*M*~2~) of the monolayer is no longer visible, suggesting that the three-dimensional 5A(022) crystallites grow on these areas, although it cannot be ruled out that the *M*~2~ rearranges. Although both discussed multilayers \[5A~t~(001), 5A~s~(022)\] grow with a defined epitaxial relationship with respect to the monolayers and substrates, their relationship is not simple, and the structures are incommensurable.

Film Morphologies {#sec3.5}
-----------------

The AFM images of the film with upright standing molecules \[5A~t~(001)\] reveal terraced islands, which are the typical morphology for the growth of upright standing molecules.^[@ref15],[@ref19],[@ref42]^ The terraces reveal an average step height of 1.4 ± 0.1 nm as expected for upright standing molecules. The scale-up of these terraced islands shows that the terraces form rather distinct angles, suggesting facets of the azimuthally oriented thin film phase crystallites (Figure [5](#fig5){ref-type="fig"}a). The facets as indicated in Figure [5](#fig5){ref-type="fig"}a enclose an angle of approximately 78° around the Cu\[001\] direction, suggesting the (110) and (11̅0) planes of the crystallites (see Figure [1](#fig1){ref-type="fig"}e). A difference to the standard 5A AFM morphologies reported is that the step edges are decorated with rounded structures of around 50 nm wide and two molecule lengths height. We suggest that these might give rise to the partial rotational disorder observed in LEED. Note, unlike XRD, which showed no evidence for rotational disorder, LEED is surface area sensitive.

![(a) AFM phase scan of the film with standing molecules. The height profile in the inset is taken from a height scan not shown here. (b) 10 μm × 10 μm topography image (color scale: 200 nm), inset: 2.5 μm × 2.5 μm image (color scale: 100 nm). The film consisting of flat-lying molecules exhibits the morphology of elongated islands.](cg-2010-01230j_0004){#fig5}

The film consisting of 5As(022) crystallites reveals a quite different morphology. Unlike the film of the upright standing molecules \[5At(001)\], which covers the entire substrate, here, severe islanding is present. Crystallites are covering ∼50% of the surface with the wetting monolayer structure M1 between them. The 3D structures consist of crystallites that have aggregated into islands as shown in Figure [5](#fig5){ref-type="fig"}b. These islands are composed of individual grains (see Figure [5](#fig5){ref-type="fig"}b inset) with a typical length of 800 nm, width of 300 nm, and height of 70 nm. Both the angles of the individual crystallites and the agglomerated island and their relation to the underlying Cu azimuth are in accordance to the angles deduced from the XRD measurements (see Figure [2](#fig2){ref-type="fig"}e).

Discussion {#sec4}
==========

Here, we have shown that under identical growth conditions (rate of deposition and substrate temperature), on the same single crystal substrate, two very different epitaxially oriented films of pentacene can be grown. The only identifiable reason for the difference lies in subtle differences in the first monolayers on which the films grow. In the case where the monolayer exhibits an oblique two-dimensional unit cell, the pentacene films grow in an upright fashion in the multilayer \[5A~T~(001)\]. However, when the monolayer additionally consists of a rectangular unit cell, the long molecular axes in the multilayer remain parallel to the substrate, while the molecular planes roll by 26° around them, forming the 5A~S~(022) crystallites. As the monolayers are very similar, in both density and the orientation of the molecules within them, the interaction of adsorbing second layer molecules with the monolayers should be very similar. We therefore speculate that the different crystalline films are a consequence of differences in the kinetics of molecules on the two different wetting monolayer structures. For anisotropic molecules on anisotropic substrates, we have previously shown the importance of one-dimensional diffusion on wetting monolayers for the growth of crystallites of lying molecules.([@ref43]) Although the interaction of arriving second layer molecules with the monolayers will be weak, they will orient parallel to the monolayer molecules (i.e., along \[1̅10\]~Cu~) and will diffuse in this direction. In the case of the rectangular monolayer structure, the one-dimensional diffusion along the monolayer surface corrugation will be undisrupted. Molecules diffusing on neighboring channels can interact and, having their long molecular axes parallel, maximize their interactions, facilitating the formation of critical nuclei of 5A~s~(022) crystallites, which then grow via sticking to island anisotropy. Such a mechanism has been invoked for the rodlike molecules sexiphenyl and sexithiophene on TiO2(110) and Cu(110)(2 × 1)O substrates, where crystallites of molecules aligned parallel to the substrate surface and surface corrugations are also found.^[@ref42],[@ref44]−[@ref46]^ In contrast, on the oblique monolayer structure (Figure [3](#fig3){ref-type="fig"}b), there are no clear one-dimensional diffusion channels for molecules in the second layer, but rather, zigzag paths will be forced upon them. This will lead to diffusing second layer molecules meeting nonparallel and to become parallel and thus maximize π−π interactions that they stand up, thus creating seeds for the (001) crystallite orientation. Naturally, this would imply that disordered substrate surfaces will ensure growth of films of upright molecules. Indeed, amorphous substrate surfaces such as Al-oxide, SiO~2~, or Si where the first monolayer is strongly bound with a disordered lying monolayer([@ref47]) always lead to films of upright molecules. Note that the reactivity of the substrate per se is irrelevant; clean but disordered Cu(110) (sputtered but not annealed) yields a disordered monolayer of lying molecules on which films of upright pentacene grow.([@ref31]) However, unlike on the ordered oblique monolayer, the films are rotationally disordered with no relationship to the substrate azimuths.

Conclusion {#sec5}
==========

Epitaxially aligned pentacene multilayer films with two very different types of molecular orientations and polymorphic structures were grown on Cu(110) surfaces. An explanation for the different growth behaviors of the films can be found in subtle differences within the monolayer structures. When the monolayer consists of an oblique unit cell, pentacene molecules grow in epitaxially ordered domains of upright-standing molecules crystallizing in the "thin film" phase with the (001) net plane parallel to the Cu(110) substrate. However, when the monolayer additionally exhibits a rectangular unit cell, molecules arrange with their long molecular axes parallel to the surface and the "single crystal" phase with the (022) net plane parallel to Cu(110) is formed. To be able to fully explain the underlying kinetics driving the specific molecular orientations of these films, further theoretical development of growth dynamics is needed.
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